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Introduction

Pesticides are frequently formulated as mixtures of active ingredients in order to allow for
broader spectrum of pest control and reduction in pesticide resistance. However, when conducting
ecological risk assessment (ERA), assessments are conducted primarily on individual active ingredients
and potential joint toxicity of the mixture is generally assessed qualitatively. However, a great deal of
research has been conducted on the toxicity of mixtures over the last few decades allowing for
opportunities to include this as part of the ERA process.

As part of this research, numerous studies have investigated methods for predictively modelling
the toxicity of mixtures based on the toxicity of individual toxicants. The conceptual foundation was
developed early in the 20" century with original concepts described by Loewe and Muischnek (1926)
and Bliss (1939). A complete framework was developed by 1969 (Hewlett). In the last two decades,
numerous studies have extensively tested the predictability of these models for many species and
contaminants. In addition, meta-analyses evaluating the accuracy of the modelling attempts have been
conducted (Belden et al. 2007, Cedergreen 2014). It is clear from this research that mixtures of
pesticides applied at equipotent concentrations typically result in more toxicity than would be expected
from either of the individual pesticides by itself. It is also clear that predictive models are relatively good
at estimating toxicity and cases of synergy, defined here as more than additive toxicity, are very
infrequent (Belden et. al. 2007, Cedergeen 2014). Thus, there is a workable approach for incorporating
joint action of co-applied pesticides into the risk assessment process based on existing models and
research.

Recently, discussions have centered around patent applications that claim unexpected results
based on better control of a pest with mixtures as compared to individual active ingredients. The
approach used to make these patent claims is different than the approach more typically used to

evaluate mixtures in ecotoxicology. Understanding the difference between disciplines provides context



between a patent claim and the ecological risk assessment. Moreover, in order to proceed with an ERA
process that considers formulation mixtures, a framework that utilizes our current knowledge of mixture
toxicity can be used to assess to assess potential implications to the risk assessment.

Thus, our objectives include: 1) describe differences between patent claim and ecotoxicological
approaches for evaluating joint action of pesticides; 2) describe an approach for conducting risk
assessment of jointly applied pesticides; 3) determine the deviation from a mixture model that would
suggest greater than expected toxicity based on the impact of interlaboratory study variability during
toxicity testing; and 4) demonstrate our approach using case studies for the appropriate risk assessment

process for 31 formulation/species combinations.

Background - Models used for predicting and understanding the toxicity of mixtures

Approaches for predicting joint action are well defined and although specific mathematical
assessment have improved, the general framework was outlined decades ago (Bliss 1939, Hewlett
1969). Within this framework, toxicants can act jointly or independently based on similar or dissimilar
modes of action. In addition, toxicants could interact, which typically suggests one toxicant interfering
with the biotransformation of the other. On the basis of this framework, we can describe mixture
toxicity in practical terms within three categories: Concentration Addition (CA), Independent Action (IA),

or Simple Interaction (SI) (Belden et al. 2007).

Potentially the most useful and widely used category is CA originally proposed by Loewe and
Muischnek (1926). CA is based on the assumption that all chemicals in a mixture have the same mode
of action. CA is thought to occur when the toxicants can act as dilutions of each other, meaning that the
effect of one toxicant can be replaced totally or in part by the equally effective amount of another

toxicant (Altenburger et al. 2000). CA is frequently described by the following model:
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where ECxmiy is the total concentration of the mixture that causes x effect; pi indicates the proportion of
component i in the mixture; and ECx; indicates the concentration of component i that would cause x
effect.

In practice, CA is frequently described using a normalized toxicant concentration scale (Toxic

Units, TU) that allows addition of the concentrations of each toxicant. TUs can be calculated as follows:

n (.'
sum TU =) I’('j (2)
5Cx;

=1

where, C; is the exposure concentration of the ith chemical in the mixture, EC,i and the other variables
are defined as stated for Equation 1. Thus, a TU is mathematically identical to a risk quotient (RQ) and a

summation of risk quotients is equal to sum TU.

The second category is based on IA following the concept that toxicants that have dissimilar
mode of action will act completely independently. Conceptually, this model is a statistical approach to
predict the likelihood that one of multiple possible events will occur. Accordingly, the effect of the
total mixture concentration can be predicted by the expected effect of each component, using the

following equation (Berenbaum 1985):
E(C:m.t) = l - l—I(l - E(c: )) (3)
1=l

where E(cmx) is the total effect of the mixture and E(c;) is the effect expected from component i. |A can

alternatively be expressed for a binary mixture as follows (Colby 1966):
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where, A'is the % pesticide control of pesticide A, B is the % pesticide control of pesticide B, and E is the
% expected pesticide control. This form is typically used as a screen for efficacy measurements and in

the patent process.

The third category (SI) is based on the classical concept of a “synergist”.  An example of Sl is
piperonyl butoxide (PBO) and pyrethroid insecticides. Although PBO is applied at concentration where
its individual toxicity is not important, it inhibits detoxifying enzymes (cytochrome p450s) causing the
pyrethroid to have a greater effect and thus resulting in a joint effect greater than would be expected.
Interactions cannot be currently predicted and are not expected to occur frequently. Although this has
been a useful category for experiments focused on synergy, since it is not predictive there is little value
towards development of a predictive framework. Thus, no specific model is used in this proposed

approach other than CA and IA.

Experimental results will vary from predicted results based on CA and IA for many reasons
including interactions, variability between individual and mixture toxicity tests that were not conducted
concurrently, and lack of mechanistic fit of the model. A simple approach to compare between
empirical results of mixture toxicity and predicted methods is the Model Deviation Ratio (MDR)
described by the following equation (Belden et al. 2006):

Expected

MDR = ——— (5)
Observed

where Expected (ECxwmix) is the effective concentration of the mixture that would be predicted by the
model and Observed (ECx cgs) is the effective concentration for the mixture obtained from toxicity

testing.

Out of these conceptual categories, CA has been most widely used and promoted for use as a

general utility model for several reasons. First, CA is conceptually simple and is parallel with risk



assessment approaches. As noted, TU is mathematically identical to RQ. Second, CA has been found to
be strongly predictive. Ninety-five percent of experiments testing the predictability of CA found that
MDR values were less than 2.58 and only 1% of experiments were greater than 4.19 (n=207, Belden et
al. 2007). Typically, CA is slightly more environmentally conservative than IA especially with mixtures

that have different modes of action and for steeper slopes (Drescher and Boedeker, 1995)

How model selection can influence the perception of synergy

The suggestion that a mixture is synergistic has to be premised on the idea that there is a
predicted baseline of toxicity for the mixture (Cedergreen 2014). In the case of patent registration,
baseline assumes IA using the Colby Equation (Equation 4). In contrast, most ecotoxicological efforts
have promoted CA (Belden et al. 2007, Cedergreen 2014, EFSA 2013). In order to demonstrate how
method selection can impact the results, we provide a theoretical example. Mixture AB is composed of
two toxicants (A, B) and the relative concentration of the two components was mixed at a ratio of the
respective EC50 values resulting in 1:2 (A:B) to obtain equipotency. Both compounds have a relatively
steep concentration-response curve (Figure 1). Assuming concentration addition and using Equation 1,
we can obtain a pointwise estimate for the toxicity of the mixture (AB, Figure 1). As would be expected
the relative toxicity of the mixture is intermediate to the components. For the mixture AB at
concentration of 2.1 (0.7 A and 1.4 B) we would expect 75% effect (Figure 1). If we apply the typical
formula used in patent work (Colby Equation, Equation 4), we would expect that 0.7 of A would result in
27% effect and 1.4 of B would result in 32% effect. The joint effect would be predicted to be 50%. In
this case, a mixture that would be characterized as additive and well described by the CA model would

be characterized as synergistic based on the Colby equation.



All mixtures where the concentration response curves of the components have a relatively steep
slope would result in findings similar to our theoretical example and for shallower slopes the models
tend to converge (Drescher and Boedeker, 1995, Backhaus et al. 2004). Comparison between these
models has been well characterized in previous work and the factors that determine the quantitative
difference between the models includes the number of components, the ratio of the com ponents, and
the slope of the concentration-response curves (Drescher and Boedeker, 1995). A larger number of
components will enhance the differences between models as has been demonstrated for 14 dissimilar
acting pesticides where the experimental data matches IA, yet CA over predicts toxicity 3x (Backhaus et
al. 2000). Similarly, the toxicity of a set of 16 similarly acting toxicants, all uncouplers of oxidative

phosphorylation, were well predicted by CA and under predicted by IA by a factor of 3x.

In many cases CA has been found to be generally predictive of toxicity even with compounds
that have different modes of action (Belden et al 2007). This is potentially due to more generalized
physiological effects such as ion imbalance in fish or oxidative damage in plants being the proximal
mode of action (Aslop and Wood 2013). It is likely that the toxicity of many co-applied pesticides within
a formulation will be predicted to be lower than observed based on IA and the Colby Equation, yet well
predicted by CA. Thus, despite the label of synergy, the ecotoxicity of many formulations will be
adequately predicted based on an approach using CA. CA has been commonly suggested for use when
conducting ERA with mixtures, especially for first tier assessments (Backhause and Faust 2012; Chevre et

al. 2006; EFSA 2013) and will be the primary model in our framework.

Theoretical framework for conducting an ERA of co-applied pesticides

Based on knowledge of the risk assessment of the individual active ingredients and predictability

of mixture models, the amount of empirical testing that is merited can be reduced. If all active



ingredients have very low risk, it is very unlikely that their mixture would result in increased toxicity to a
degree that would impact the risk assessment. Similarly, if testing is merited, it should be targeted at
test organisms that are the most sensitive to the active ingredients as this is the scenario where the
presence of a mixture could potentially change the evaluation of risk when compared to the
components of the mixture. Our proposed framework incorporates these considerations and is
provided by a flow chart (Figure 2) and rationalized below.
Threshold for requiring empirical testing

The first step is to decide whether the active ingredients in the mixture are close enough to the
estimated environmental concentration (EEC) that any detailed consideration of mixtures is warranted.
If the predicted toxicity of the mixture, expressed as a lethal or effective concentration, is sufficiently
above the EEC, then there is very little risk posed by the mixture. This relationship between ECxnix and
the EEC can be expressed as sum TU (Equation 2), which is equivalent to a sum RQ and will be referred
to as Sum RQ. Previous work has suggested that synergism exceeding an MDR of 5 is uncommon. The
99 percentile MDR value reported in Belden et al. (2007) was 4.19. Moreover, in a review of synergism,
Cedergreen (2014) only identified a total of 19 studies that exceeded an MDR of 5 from well over 200
studies conducted. Thus, we have set an uncertainty factor of 5x for potential synergy. If the Sum RQ is
greater than 1/5 the Level of Concern (LOC), then empirical testing would be warranted and below 1/5
the LOC then it would not be warranted (Supplemental Information Table $2). The emphasis for
empirical follow up testing should be on environmental receptors that are the most sensitive (highest
Sum RQ values in relationship to LOC).

Due to the greater potential of synergism by some pesticide classes, an exception to the Sum TU
cutoff should be considered. If one of the pesticides is in a class of compounds and at a concentration
that is frequently associated with greater toxicity than predicted by the CA models, then empirical

testing would be recommended. Azole fungicides and cholinesterase inhibiting insecticides accounted



for 95% of empirically known synergistic mixtures (Cedergreen 2014). All 19 of the studies identified by
Cedergreen (2014), which exceeded an MDR of 5, include a pesticide from one of these classes. Thus, all
mixtures as reviewed by Belden et al (2007) and Cedergreen (2014) that exceeded an MDR of 5 would
be empirically tested based on this recommendation.

For cases where empirical testing is not merited, a final step is to consider whether only one
component accounts for nearly the entire sum RQ (all others are less than 5% of the sum RQ). If thisis
the case, then the formulation mixture ERA could defaults to the ERA of the most toxic component.
Comparison of empirical testing to CA model

Following empirical testing, a comparison between the experimentally determined effective
concentration (ECxops) is made to the CA modelled value (ECxuix) and an MDR is calculated. An MDR of
exactly 1 is not expected to occur frequently given the potential for variability during testing. There are
several potential approaches to determine the magnitude of an MDR that would suggest synergism.
Previous work has used an MDR of 2 (Belden et al 2007, Cedergreen 2014) or 5 (EFSA 2013). However,
these values have limited conceptual underpinnings. It is also possible to use a value based on the
results of meta-analysis of mixture data. For example, the 95" percentile occurrence of MDRs in Belden
etal. (2007) was 2.58 and thus MDR values outside of this range would be well beyond the normal
result. However, this may be a skewed approach as these data sets include synergistic mixtures and are
not representative of the potential variability that would be obtained for additive mixtures only. Itis
possible that more than 5% of mixtures are synergistic biasing the acceptable MDR. The third approach,
which we selected for this investigation, is to set the acceptable magnitude of deviation based on how
likely it is that the MDR value is higher than could be explained based on experimental variability alone.

Testing of formulations containing co-applied pesticides will frequently occur at different times
and potentially in a different laboratory than the individual active ingredients. Determining how much

impact intra- and inter-laboratory variability may have on MDR calculations is necessary to determine
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how likely it is that the MDR suggest synergy rather than variability among studies. In order to calculate
MDR values that would commonly occur based on likely variability, we conducted the following exercise.
First round robin or planned inter-laboratory comparison studies were identified from the literature
using species and endpoints as similar as possible to what would be used for ERA of pesticides. Twelve
studies were identified with coefficient of variation (CV) ranging from 1.8-180 (Table 1). Additionally,
searches of the EPA ECOTOX Knowledgebase (website) were made for commonly used pesticides and
endpoints and CVs were calculated ranging from 44-221 (Table 1). Toxicity tests conducted for pesticide
ERA are likely more controlled and less variable than comparing studies in the ECOTOX database.
However, we would suggest that they are similarly or less controlled across labs and time than would be
expected from a preplanned round robin study. Based on this survey of data, we propose that a CV of
100% would be likely representative of the intra- and inter-laboratory variability. This is at the higher
end of CV values found in round robin studies and at the bottom end of data collected from the EPA
ECOTOX Knowledgebase.

Next, distributions of likely MDR values based on CV values were determined through a
modelling exercise. We assumed a log-normal distribution and randomly generated effective
concentrations for theoretical active ingredients and a formulation mixture centered around a “true”
value of 1 (12,000 iterations). For each iteration, an MDR was calculated using Equation 5. The
distribution of the resulting MDR values were then determined. We repeated this process for CVs of 60,
100, and 140%. Full methodological details are provided in Supplemental Data. We used an extended
range of CV values instead of only 100% to provide insight into how much this assumption shifts the
outcome. We also conducted the analysis for single, binary, and tertiary mixtures. Although binary are
common, tertiary or greater mixtures will occur in formulations. Single compound modelling provides

insight into the scenario where a single active ingredient is driving toxicity. As would be expected, the
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distribution of MDR values spreads to greater extremes as the CV value increases (Figure 3). MDR
values were the highest for binary mixtures (Table 2).

Based on a CV of 100% and 95% level of likelihood (only 5% of samples would randomly exceed
the threshold) a MDR of 4.70, rounded to 5, was identified for use as a threshold (Table 2). MDR values
that exceed this value would be considered synergistic and below would be considered additive. If the
MDR exceeds 5, then it is recommended that ERA steps include using the mixture results obtained
through empirical testing (ECx ogs). If the MDR value is below 5, then the mixture is assumed to fit the
CA model and ERA continues based on the assumption of additive toxicity. If the MDR is below 5 and
only one component accounts for nearly all TUs (all others less than 0.05 TU) then the formulation
mixture ERA could default to the ERA of the most toxic component as there would limited difference in

the assessment.

Case studies using pesticide mixtures

In order to evaluate the approach, 31 formulation mixtures that have been previously tested for
toxicity were identified as well as the complementary individual toxicity studies (Table 3 and S3).
Studies were identified based on availability of data for individual and mixture toxicity results. These
data were collected prior to development of this framework and many of these studies would not have
triggered empirical toxicity testing based on the 1/5LOC threshold. Each study was conducted under
good laboratory practices using standardized guidelines. For each study, expected toxicity of the
formulation mixture was predicted based on CA, compared to the empirical toxicity test result, and an
MDR was calculated. MDR values ranged from 0.16-9.69 (Table 3) and were relatively symmetric
between less-than and greater-than predicted by the CA model (Figure 4). This even distribution may
suggest that much of the deviation from the model is due to testing variability rather than interactions.

It would be less likely that frequent interactions would result in a uniform distribution, especially since
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lower MDR values were typically noted in studies where toxicity tests were typically conducted within a
single method design instead of across laboratories (Belden et al. 2007).

Ideally, all studies for individuals and mixtures would have definitive effective concentrations in
order to most accurately calculate MDR values. However, in 19 of 31 studies at least one test reported a
greater than value as concentrations high enough to cause an effect were not tested. For 7 studies,
flagged F, the formulation did not have a definitive effective value. For these studies the MDR could be
biased high. For example, if the nondefinitive testing was stopped at 54 g/ha (see mixture study 28 in
Table S2) but require 4x this value (216 ng/ha) to obtain a definitive result, then the MDR value would
be biased 4x to high. These data are not very useful for this assessment as the bias is certain and we
have excluded them from further analysis. Regardless, the likely reason that higher concentrations were
not performed is that the concentrations were at the limit typically tested (e.g. 2000 mg/kg for avian
acute) and thus these are typically cases where toxicity would be limited. This scenario will not be
common if this framework would be adopted as empirical mixture testing would not typically need to be
performed. For other studies (n=12), one of the individual toxicants had a greater than value for the
effective concentration. In these cases, the bias is not as significant as the deficient test was typically for
an active ingredient that was of too low a potency to greatly influence the predictive toxicity of the
mixture. In only 3 cases, the TU values associated with the non-definitive tests were over 0.10 and even
in these cases the bias is not expected to exceed 50%. Thus, these data were considered valid despite
potential for an MDR to be biased low.

Although many of these formulation mixtures would not have exceed the 1/5L0C threshold and
testing would not have been needed, we assumed for this illustration that all 24 studies require
empirical testing to allow estimation of the frequency thata formulation mixture will exceed the MDR
threshold of 5. Of the 24 samples, only 3 exceed the threshold and recommendations would be that the

risk assessment based on the results of the formulation mixture toxicity test. Of the 21 studies that did
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not exceed the threshold, 11 had only a single active ingredient that accounted for more than 5% of the
RQ (Table 3 flagged with S). Thus, these 11 could default to the ERA based on the single most toxic
active ingredient. Risk is driven almost completely by a single pesticide and there will not be a
significant difference between RQ for this single pesticide and the sum RQ. For the other 10, the ERA
would assume additivity and thus be based on CA modelling of toxicity derived from individual active
ingredients (ECxwmix).

As a case study, the toxicity of a mesotrione and s-metolachlor formulation was evaluated for
risk to nontarget plants. A detailed example is provided in Table 4 to demonstrate the process. Asa
first step of the process the RQ for both individual pesticides was determined along with a sum RQ. EEC
values were estimated using TerrPlant 1.2.2 to provide a simple example for plants, system specific and
higher tier models would be used as appropriate. In this case, the sum RQ value well exceeds the
threshold value (1/5 the LOC, which in this case the LOC is 1.0 and thus the threshold is 0.2). Therefore,
empirical testing would be recommended. Based on empirical testing the MDR value was 5.3, which
exceeds the suggested cutoff of 5.0, which is suggestive of synergy. Therefore, it would be
recommended that risk assessment utilizes the empirically determined toxicity for the formulative
mixture. If the expected ratio of the EEC differs from that used for the mixture toxicity test, toxicity can
be calculated for the new ratio using CA (Equation 1) and the toxicity adjusted by the MDR.

This process would simultaneously be conducted for all toxicity testing species of interest within
arisk assessment. For example, this same mesotrione and s-metolachlor formulation would be
evaluated for a series of plant species (Table 5). For the seven species we use as examples, there is a
range of sum RQ values. Five of seven values exceed the 1/5LOC threshold and thus empirical testing
will be required. However, three species (cucumber, lettuce, and tomato) have much higher RQ values
than onion and soybean (greater than 5x). Thus, empirical testing would be recommended for

cucumber, lettuce, and tomato as it is highly unlikely that the testing of onion and soybean would result
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in enough synergism to impact the ERA as compared to the most sensitive species. Following empirical
testing of the three species, each species is considered individually throughout he framework. For
cucumber, the MDR was less than 5 and thus additivity is assumed, despite potential antagonism. Based
on CA, it is appropriate to use sum RQ for the risk assessment. However, since mesotrione accounts for
near 99.3% of the RQ, then it would also be appropriate for this species for the risk assessment to be
based on mesotrione only as there would not be a difference (6.28). Lettuce follows this same pattern
and the RQ for mesotrione can be used for risk assessment (16.4). However, as previously described the
RQ for tomato is based on empirical testing and due to the potential synergy the RQ is elevated from
11.7 to 63.1. The result is tomato being the most sensitive species and consideration of the mixture

increasing the estimated risk.

Discussion of the framework

In order to create the framework there were several assumptions and choices that were made
that could influence outcomes. Our goal was to balance risk assessment conservatism with reducing
testing that would likely not result in improvement of the ERA process.
Establishing MDR limit based on variability

As shown in Table 2, the difference in potential MDR values between CVs is not excessively
large. However, selection of a different CV would change the MDR threshold. It would be enlightening
to have better round robin data among laboratories that commonly conduct pesticide toxicity tests to
see how much variability exists. Moreover, if some representative formulation mixtures were able to be
determined within the same test design as individual active ingredients, then our ability to determine
additivity versus synergistic results could be evaluated. The frequency of studies exceeding a MDR of 2
in the case studies examined was 21% (5 of 24; Figure 4), which is a little higher than reported in meta-

analysis (7%, Cedergreen 2014). The majority of mixture studies in the literature tend to be uniform
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mixture designs that allow statistical comparisons. These studies will frequently have less variability and
greater ability to statistically resolve differences between empirical data and the models.
Using modelling data for mixture ERA when empirical data exists

If the toxicity of formulation mixtures was found to be additive (MDR<S5), we suggest to proceed
with the ERA assuming additivity and using CA. It could be argued to either use this modeled value or
the empirically measured toxicity value (ECxogs). Variability in testing could result in either higher or
lower than predicted toxicity and there will not be certainty whether the individual toxicity tests or the
mixture test is more accurate. Since additivity was found, the values will not be meaningfully different.
However, it is important to choose a priori which route should be taken to ensure greatest certainty,
depending upon the case being assessed.
Assessing environmental mixtures beyond formulations

Our approach as written only considers mixtures formulated together. It is possible that more
complicated mixtures can occur for short periods of time in certain environments due to tank mixes or
multiple products being applied in a watershed. Consideration of formulation mixtures is a necessary
first step and potentially the most important component in considering pesticide mixtures. If specific
tank mixtures are likely, such as the case where potential mixtures are listed on the pesticide label, then
the framework utilized here can be directly used to also evaluate those mixtures. Although not all tank
mixtures can readily be identified as pest control approaches used at the field level are not always
predictable, common tank mixtures are likely identifiable and can be assessed. As formulation mixtures
are tested more frequently, more will be known about possible interactions among classes of pesticides
and weight of evidences approach can be developed that will help identify tank and environmental
mixtures that are of the greatest likelihood to be of greater environmental concern.

Broader environmental mixtures that may occur for short periods of time in streams and rivers

receiving runoff from many fields with potentially different crops and pest control systems may be
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harder to incorporate into any framework, but are also less likely to be of high concern. Although
environmental mixtures occasionally can be composed of multiple contaminants most of these
compounds are at much lower TUs as compared to the most potent component(s) that are likely the
drivers of toxicity (Belden et al 20078, Trimble et al. 2009). Potential environmental mixtures where
toxic components vary greatly from site to site and each active ingredient is registered to different
agrochemical companies will profoundly increase complexities of the assessment (Lydy et al. 2004). The
resources spent towards this level of ERA may not be warranted based on the potential environmental
risk.
Classes of pesticides that need closer scrutiny

Both azole fungicides and organophosphate insecticides (OPs) can potentially change the
toxicokinetics of other compounds through inhibition of cytochrome p450 enzymes (Azole fungicides;
Cedergreen et al. 2006) or esterases (organophosphate insecticides; Belden et al. 2006) in some
organisms. In addition, many OPs are proinsecticides; thus, toxicity is dependent on toxicokinetic
activation potentially resulting in more sensitivity to changes in toxicokinetics. For example, triazine
herbicides tend to increase the toxicity of some OPs (Belden et al. 2000) despite not occurring
commonly in synergistic mixtures (Cedergreen 2014). Thus, these classes were identified in the
framework to trigger empirical testing due known modes of action with the greater chances of
synergism occurring. However, consideration of these groups should also account for potential
exposure concentration. For instance, OP insecticides tend to be synergistic at higher concentrations
when grouped with pyrethroids, but not at lower concentrations (Belden et al 2006). Many studies
investigating azole fungicides were conducted using equipotent method designs resulting in higher than
environmentally relevant concentrations of the compounds being tested (Bjergager et al. 2016). If the
EEC for these groups is below concentrations required to cause enzyme effects and synergy, empirical

testing may not be needed. Additional testing of representative pesticides from each class may be
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needed to find concentration thresholds that could result in synergy. For example, recent work was
conducted that identified the threshold concentration of several azole herbicides needed to synergize
pyrethroid insecricides in Daphnia magna and found that typically the concentrations were above what
would be typically found in the environment (Bjergager et al. 2016).

Effect of Pesticide Ratios and Testing Concentrations

Most environmental exposure of pesticides will occur in ratios that are not equipotent. From
the current case studies, 17 of 31 mixtures had a single active ingredient that accounts for the majority
(>95%) of the sum RQ. Interestingly, formulative mixtures in these scenarios may result in lower RQ
than a formulation containing the more potent pesticide by itself. Typically, the application rate is lower
for an individual active ingredient in a formulation containing a mixture, thus the exposure level of the
more potent component will be lower. Given that the RQ is driven by this single component, risk will be
less if there is no synergy.

The concentration that is required to cause an effect may influence the likelihood that there is
synergy. As required concentration become higher, the potential to overload detoxifying systems or
inhibit detoxifying enzymes through secondary modes of action will increase. Thus, it is likely that
synergy will occur more readily for species that are less sensitive. However, the present of synergy for
these species is not likely to change the overall risk assessment as deviation from the additivity will likely
still be below an MDR of 5.

Comparisons to other mixture ERA efforts

Our proposed framework has many similarities to the approach described by the European Food
Safety Authority (EFSA 2013). Both approaches use CA as the primary model and a classification system
built around MDRs. The primary conceptual difference between approaches is the initial threshold step
to determine if empirical testing is needed. Resources should not be utilized in scenarios where there

is minimal predicted risk based on individual active ingredients and there is no precedent for the
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magnitude of synergy that would be required to change the outcome of the risk assessment. Our MDR
threshold for CA to be considered predictive was set at 5 based on assessment of variability among
tests. This threshold is exactly the same as established by EFSA (2013).

Several studies have suggested approaches incorporating a combination of CA and IA models
(Backhaus et al. 2012). Theoretically this type of approach is more complex than the simplified
approach we propose. However, a lack of knowledge in regard to the mode of action of many pesticides
to nontarget organisms, such as herbicides toxicity to daphnia, and the overall high predictability of CA

despite different modes of action makes CA only the best approach.

Endpoints and exposure scenarios to be tested

There are often specific endpoint/exposure/ test species scenario combinations that clearly
drive the risk for most formulations. As noted, mixture toxicity should be targeted at those scenarios. In
addition, if Tier 1 mixture testing suggests no synergy, an argument can be made that it is unlikely that
higher-tier testing with the same organism would result in synergy. Since most known mode of action
synergy is due to toxicokinetics changes triggered by one of the toxicants, it would be expected this
would also occur in acute tests where concentrations are higher. Future research is needed to support

this hypothesis.

Conclusions

Co-applied pesticides are important to evaluate as mixtures due to the potential co-occurrence in the
environment. Due to the predictability of mixture models, empirical testing of mixtures may not need to
be conducted if the expected effective concentration of the mixture is much higher than the estimated
environmental concentration of the formulation. Where empirical testing might be merited, if

measured toxicity is within a factor of 5, then it is likely due to a combination of additivity and/or testing
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variability and synergy is not concluded. Further, if the toxicity of a mixture is driven by a single
component and no synergy is noted, the risk assessment of the single compound is likely sufficient.
Otherwise, the empirically measured toxicity of a synergistic mixture and the CA modelled toxicity of an
additive mixture should be used as the effective concentration during further risk assessment. In all, the
described approach appears to be useful for risk assessment of formulation mixtures based on the

assessment of 31 case studies.
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Figure 2. Flow chart illustrating the proposed theoretical framework for conducting an ERA of co-applied

pesticides.
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Figure 3. Cumulative distribution of model deviation ratios that would occur based on variability among
tests. Results shown are for a binary mixture and 60, 100, and 140% coefficients of variation.
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7 mAll Data  mExcluding Nondefinitive Tests

Number of Studies
O B N W B U O ~ 0 W
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Model Deviation Ration Range

Figure 4. Number of formulation mixtures studied that had a model deviation ratio (MDR) within the
provided range. Excluding Nondefinitive Tests describes the same data set as All Data (n=31), except
studies with nondefinitive effective concentrations of the mixture were excluded (n=24).
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Table 1. Examples of interlaboratory variability measurement. The first 12 examples are from round
robin or otherwise planned studies, typically using a standard toxicant. The last three studies are sets
of data obtained from the ECOTOX Knowledgebase.

Reference Organism Toxicant Number of cv
Labs/Reports
Weltje 2011 Chironamus — 3,5 dichlorophenol and KCL | 13-15 36-
Survival 60
Ronco et al. 2002 Daphnia lethality Mean of three toxicants 8 32
Ronco et al. 2002 Lactuca - Seed root | Mean of three toxicants 8 64
inhibition
Ronco et al. 2002 Selenastrum cell Mean of three toxicants 8 59
growth inhibition
Busquet et al. 2014 Zebrafish acute 21 Tested 3-7 1.8-
56
DeGraeve et al. 1991 Pimelphales survival | Sodium pentachlorinate 10 24-
and potassium dichromate 44
DeGraeve et al. 1991 Pimelphales growth | Sodium pentachlorinate 10 28-
and potassium dichromate 88
Burton et al. 1996 Hyalella — survival KCL 10 23
Burton et al. 1996 Chironomus — KCL 10 53
survival
Norberg-King et al. Hyalella — survival Contaminated sediment 11-14 5-
2006 170
Norberg-King et al. Chironomus — Contaminated sediment 7-15 5.6-
2006 survival 33
Norberg-King et al. Chironomus — Contaminated sediment 6-12 32-
2006 growth 60
ECOTOX Daphnia lethality Atrazine 14 221
Knowledgebase and immobility, 48h
LC50 or EC50
ECOTOX Daphnia lethality Lambda cyhalothrin 6 95
Knowledgebase and immobility, 48h,
LC50 or EC50
ECOTOX Daphnia lethality Metolachlor 7 44
Knowledgebase and immobility, 48h,
LC50 or EC50
ECOTOX Lactuca sativa, 28d Atrazine 5 141
Knowledgebase biomass EC25
ECOTOX Lactuca sativa, 21d Metolachlor 3 150

Knowledgebase

biomass EC25
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Table 2. Based on interlaboratory variability expressed as coefficient of variation (Cv),
distributions of likely MDR values for additive mixtures that would be obtained based on
experimental variability alone were determined. 95" percentiles of those distributions are shown.
The bold value emphasizes the threshold selected for use in this framework.

Intertest Variability, CV | 60 100 140
Single Component 2.13 2.78 3.23
Binary Mixture 2.86 4.70 6.90

Tertiary Mixture N 266 403 543



sS4 69'6 atz ‘sseyy Mg Jeljo4 10|Y2e|013N-S auizeny UOII0SIN (uoluQ) odas wnyy
1 YED Qtz ‘ssew Aig Jeijo4 10|Yoe|013N-S 2UOI10S3N (1eQ) DAIIDS DUAAY

L 66T ate ‘sse Aig seijod 10|Yy2e|0I3IN-S auizeny aUO01IJ0SaN (120) DAIIDS DUBNY
[ 19 a1z ‘ssew Aig Jeljo4 10|Yyoe|0IBN-S JUOLII0SaN (22n1131) pAIIDS DINJODT
S 10 atz ‘'ssew Aig ieiljo4 J0|Yoe|0I3IN-S auizeny aUOLII0SAN (20n1191) DANIDS DINJIDT]

S 1o artz ‘ssey Mg Jeljo4 10|Yy2e|013N-S auOoI0SaN (4aqwinan)) oaps sNWINan)
v6'T a1z ‘ssen Aig 1eijo4 Jojyoe|01dN-S auizeayy 2UOIII0SaN (4aquinan)) paps snwinan)

4 6E'€E ygy ‘Alljeyia |e40 wexoylaweiyl uylojeyAd-eque (1enp) snuoiusbaia snujjod

E] L1C ygy ‘Alljeyial |eJo wexoylawelyy ajoudijiuenueid (11enp) snubjuibaia snuljo)

S 090 ysgy ‘Ajeyial |es0 wexoylawelyl ajoudyjiuesiuei) (929 AsuoH) psafijjaw sidy

S 980 ygy ‘Ajeyia |ei0 wexoylaweiyy uiylojeyAd-equie] (aaq AsuoH) bsafijjaw sidy

1 6v'T Hoe ‘Aljeyian Jo|yaejolp N auizely 3UOLI0SAN (3nouy) ssydw snyaudyioduQ
Sl ZL0 H96 ‘Ajeylal auizeny AUOII0SAN (inouL) ssyAw snysuAyioduQ
14 +S°0 H96 ‘Aljeyial wexoylawelyl ajoidijiuenueid (1nouy) ssiyAw snysudyioduo
S'L 66'E H96 ‘Alljey1al Jojyae|ola N auosAdoppAaig (3n0u]) sspyAw snyouAyI02UQ
Sl vZ0 H96 ‘Aujeyian wexoylawelyl ulylojeyAa-epquien (1nouL) ssyAw snysudyiodug
LEO 4ge ‘uoniqiyul yimolo 10]Yyoe|018 N auizeny 3uolI0S3N (ae8|e uaa1D) PIDIIADIGNS D|[31I3UYIINOPNIS]

6%°0 yoge ‘uoniqiyul Yyimolao J0|yoe|o3a N suouhdopahag (ae8|e uaaun) D3LNADIGNS Bf|3113UYIINOPNISH

S 6L°0 yge ‘uoiigiyul yimoio auizeny 3UOLII0S3A (seSje usal9) b10xdDIGNS Dj(IIAUYIHNOPNISH
€50 yge ‘Aljeyial/AiigoiN 10|yoe|olaN auizeny UOLIOSAN (eayy 4238 M) DUBDW DIUYADQ

Sl 91 yge ‘Ajeyial/AuiqoinN wexoyjawelyy ajoidijiuesueid (ealy Jarem) oubow pruydog
1 79°€ yae ‘Aeyia|/AligoiN Jojyoe|o12 N auosAdojahaig (eayy Ja3em) oubow ojuydog
S'4 91’0 yge ‘Ayeuyia|/AlIqoN auizeny 2UOI0SaN (eay 1218 M) pUBDW DIUYdDQ
S‘L 6E°'S yge ‘Atjeyia|/AuigoiN wexoyiawelyy unylojeyAd-epquien (eayy Joye M) oubow pruydog
gel4 Haw jurodpu3 € uedIxoy Z uedixol T uedxol sapads

ay3 Jo auo Ajuo ey saiedlpul 3e|y S "y8iy paseiq st Yain Ayl snyi pue pa3

“JUaI0NDb YSI1 WNS 3y JO %G UBY} J0W 10§ pajunodde sjuaipaJdul aAne

159} UOIIRIIUBIUOD 3153YSIY BY3 1B 1033 dSNed J0u pIp

uone|nwLIoy ay3 ey} sajealpul ey 4 "palsa) UORIIUIIUOD 159USIy Y1 18 199442 ASNED J0U PIP SIUAIPAIZUL BARIE Y] JO 3UO jey]
s23e21pul S|} | “UOIRJ UOHEIASP [3POW — YAINl ‘[SPOU UORIPPE UONEIIUSIUOD UO PISE] pa10adxa eyl 01 3|nsal palsal Ajjeanidwa
3y} JO UOIBIADP B} PUE JU3IPAIBUI SAIE SUO UBY) BIOW PIUIRIUOD JeY) SUOKEINWHO} TE uo paw.oyiad s1s33 AJdIX0] "€ 3|qeL

8¢



S vE'S arte ‘ssey Aig Jerjo4 10]Yyoe|033A-S JUOI0SAN (o3eWO) ) Wnyuainasa uodisiadoaAy
S 08’1 atz ‘ssey Aig seijoq 10]YdBj03aN-S auizelly 9UOLIIOS3A (018WO | ) Wnuanasa uodisiadoaf
S o't ate ‘ssey Aug Jeijo4 10jyoe|019n-S auolLoSaN (ueagAos) xow auAj9
4 60'S arte ‘ssen Aug Jerjo4 Jojyae|01aN-§ aulzeny 2U0110S3A (ueagAos) xow audjn
1 E1°1 artz ‘ssewy Auq Jeijo4 10o|yaej01aN-S 3U0LI0Sa (sseadaiy |e1uualad) auuaiad wnioq
1 Z€'9 arte 'ssewy Aug Jeijo4 Jojyoe|oia-s auizelyy 2UOI0S3N (sseaBaAy |ewuaiad) auuasad wnijoy
1 Z9°0 artz ‘ssely Aig seijod 10|Yy2e|0I3IN-S auoI0SaN (uoiuQ) ndas wnypy




‘uaAuLp a1Ajeue 3|3ulg

§'0 = J0|42.|0IAN-S
6'66 = 2UOIIIOSIIA
ML WnS JO Juadiad

8'TT =NLwns

950°0 = 40|Y28|0I3IN-S
L'TT = 3UOLI0SaN
nL [enpiaipul

ML WnS JO %S <
jua|paJdui annoe auo AjluQ

¢NLWNS JO %S uey)

aJow 10} JuUnodde JuaIpaldul
2AI32E BUO UBY) 3J0W S30Q

v Aq pa12ipald JoN

£S5 =4dW

$'9 =05Y3 |eyuswWlIadx]

T PE = 543 ;paNdIpaid

£5>¥an s

évo

uo paseq uondIpaid 0y Jejiwis

uone|nuioy jo AJdIxol s|

81T =04 Wns

950°0 = J0|Yy2€|01IN-S

ST = JO|Y2B|0I3N-S
€'GT = AUOLIJOSAIN
233

008 = 10]Y2L|0IBN-S

013

Bunsal £'TT = 9u0LI0S3aN €T = 2UO0LIJ0S3IAN (0z0=0TXxS/T) ¢4nddo
jeaundwy sasinbay DY |[enplaIpU| 05y3 §J016/T<DYwnss|  01paau Suiysay jeauidws saoqQ
awonNQ sisayuds eleg eyeq pailinbay BLIID uonsanD

‘(1 uonlenb3) ssew uolne|NWIO) JO SWI3Y Ul passaidxa uonippe u
Aap 01 youni pue ‘uoneiodiodul ou ‘yoijedjdde punoi8 uo paseq UOIILIUIIUOD |BIUSWIUOIIAUS P3
151 S| uoiysanb yoe3 ‘(0jewol) wnualnisa w0o1513d0247 03 AJIDIX0) YUM JO|YDB[01BL-S PUB JUOLII0saW
»1OM3WELY JUBWSSISSE BINIXIW Y} Buisn JO ajdwexa pajieiaq ' 9|qeL

ay3 Buisn ssado0.d asimdais e ul pa
Suiuielu0d UOIIE|NWLIOS B 10§ UMOYS BleQ 'ss3204d Y3 apin3 o1

013e1U22u0) SuISn PAUIWIIAP %5Y3 PARIPALd, TT'T IUB|dIISL uisn pue|
1ewns3, ‘g aindi4 ul papiaoad yiomawedy



(orewo] ) wnuanasa
T°€9 S'66 3 v'9 (443 8TT |9S00| 0SLz | L1 €1 ey /3 u021513d02A7
- - - 08¢ + COT | 6800 | 0L6E |860| 9T By /3 | (ueaghos) xow auph|9
€ (sses3aAy |eruaiiagd)
- - - 1261 e 6T0 170 0LET L0°0 (0] 74 ey /3 auuaiad wnjjoq
- e - 056 - 69°0 | TEO0 | 000S | 990 €T ey/3 (uoiuQ) odas wnyyy

€
- - - 00STT - 0T'0 | T€E00| 000S | £00 01z ey /3 (3e0) 0A1DS DUAAY
(92n1197)
6'Ct 866 9t v'6 St ?'9T | €E00 0z9tr ¥'91 €6°0 ey /3 DAlJoS DINODT
(d4eqwinan))
9.0 £'66 4N 6¢S 8¢9 €9 | St00 08743 879 EV'e ey /8 DARIDS snwinan)

NPy 0SYy3 "u0) u0)
|esudwy juajod |eandwy AINIXIN to}'] [o}}] ANYT | DY | annoay3
DY | ISONJONL [ YAW ‘0543 palipald | wng 40|Yd2B|0I3IN-S 9UOLIJOSAN | suun saldads

‘Aignios 1a1em ysiy ‘uonesodiodur ou uo paseq si Ajaandadsal ‘uone|nwioy ay) pue ‘J

(2°2°T yue|dial) uonesidde punold pue

0]Yoe|031aW ‘DUOLII0SIW 10y BY/S HOp pue

VST ‘€'GT 40233 'sa1vads Jueld |BI2ABS PUB 10|YIL|0IBW-S PUB BUOLIIOSAW JUIUIRIUOD uolje|NWLIO) B 10J UMOYS eleq ‘si03dadal
|EJUSWUOIIAUS JO 35I| B 10} 55330.d /Y3 DPING 0] }JOMBWEIY JUBWISSISSE DINIXIW 3Y) Buisn pajeIauad ejep jo ajdwex3 °g a|qe|

1€




32

Supplemental Information

Detailed Methods for Calculating Deviation from Mixture Model Based on Only
Interlaboratory Variability

In nearly all circumstances the toxicological information used for modelling joint toxicity will
have been collected independently for each of the formulation’s active ingredients and for the
formulation. In many cases these individual toxicity studies will have been conducted across
different laboratories and/or time periods. Although the toxicological studies should have
followed similar procedures based on regulatory guidelines, interlaboratory and intralaboratory
variability will still occur. This variability could resultin apparent deviations from toxicological
models suggesting greater than or less than additive toxicity. Thus, it is important to determine
the extent of deviation from the model (as measured by MDR) that may result just from the
inherent variability between tests. Based on the survey of studies (Table 1 in main manuscript),
coefficients of variation (CV) of 60, 100, and 140% were chosen as representative estimates for
variability. To determine how these CVs would influence MDR in the case of strictly additive
toxicity, we conducted a simple iterative modelling exercise.

The first step was to randomly generate a series of effective concentrations based on a
distribution that had the given CV. Values were generated for each toxicity test that would be
conducted in a mixture study. For example, for a binary mixture AB, a value would be
generated for compound A, compound B, and mixture AB. Each value was generated assuming
a mean value 1. Although all literature values of CV assumed a normal distribution, the
distribution is likely log-normal. Assuming log-normal is important for modelling as effective
concentrations should continue to get closer to zero, but never become negative. Thus,
transformation of CV based on normal distribution to equivalent parameters in a log-normal
distribution was required. The lognormal distribution is defined by the location parameter (p)
and scale parameter (g), which can be estimated based on the normal distribution mean (m)
and variability (v) by:

m

w=In Equation 1
’1"'?:_2
and o= |[In (1 + %) Equation 2

Parameters are listed in Table 1 for the three CV values investigated. Random values were
generated based on these distributions using the LOGNORM.INV function in Microsoft Excel.
Probability was set as a random function [Rand()]. For each iteration, the resulting values for
the active ingredients were used in Concentration Addition Model (Equation 1) and by
assuming a 1:1 mix the expected EC50 for the mixture was determined.
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1=1

=
= n )J <
EC% e S [Z Eé—rJ Equation 3.

Where ECxmix is the total concentration of the mixture that causes x effect; piindicates the
proportion of component i in the mixture; and ECx; indicates the concentration of component i
that would cause x effect.

The ECxmix concentration was assigned as expected concentration to mirror what is done in an
actual study and the randomly generated value for the mixture was assigned as the observed
EC50 and the Model Deviation Ratio (MDR) was calculated as described by the following
equation:

MDR = EM— Equation 4
Observed

where Expected is the effective concentration of the mixture that would be predicted by the
model based on the and Observed is the effective concentration for the mixture obtained from
toxicity testing (Belden and Lydy, 2006).

This process was iterated 12,000 times 12,000. Based on this calculated distribution of MDR
scores, the distribution of MDR values were calculated (Figure 3 and Table 2). The whole
process was replicated for single, binary, and tertiary mixtures.

Table S1. Normal and estimated lognormal distribution parameters for each coefficient of
variation tested. All data based on a mean of 1 for the normal distribution.

Coefficient of Standard Variability (V) Location Scale parameter
Variation, CV Deviation (SD) parameter (p) (o)

60 0.6 0.36 -0.15374 0.55451

100 1 1 -0.34657 0.83255

140 1.4 1.96 -0.54259 1.04172
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